In this paper, the synoptic features of Northeast Asian dust events in spring are studied. Using surface meteorological records
Introduction
The arid and semi-arid regions in Northeast Asia are considered to be major dust sources of the global atmosphere. From spring to early summer, large quantities of dust particles are lifted from here and transported over large distances, to as far as the United States (HUSAR et al., 2001) . The airborne dust particles cause severe air quality hazards down stream.
Corresponding author: Yaping Shao, Dept. of Physics and Materials Science, City University of Hong Kong, SAR, PRC, e-mail: apyshao@cityu.edu.hk
In Beijing, for example, the near surface dust concentration has been reported to be as high as 5 mg m 3 during dust storms. Near dust sources, concentration can be as high as 20 mg m 3 . Also, airborne dust particles have impacts on the radiation processes of the atmosphere (SOKOLIK et al., 1998) . In extreme cases, dust storms result in direct loss of human lives and severe disruption of social and economic activities.
In recent years, Northeast Asian dust events have attracted much attention from scientists with diverse Meteorol. Z., 12, 2003 backgrounds. Studies on Northeast Asian dust storms have been made through both numerical modelling (e.g., SHAO et al., 2002; UNO et al., 2001; WANG et al., 2000) and remote sensing (e.g. HUSAR et al., 2001) . Qualitative analyses of climatic and land-surface conditions for wind erosion have been reported (e.g. DONG et al., 2000 and ZHANG et al., 2001) . PROSPERO et al. (2002) have examined the global dust sources, including those in Northeast Asia, using TOMS (the NIMBUS 7 Total Ozone Mapping Spectrometer) absorbing aerosol products. A global overview of dust-source distribution is achieved, but the latter researchers pointed out that the interpretation of the TOMS products over Asia is complicated by frequent cloud cover and the presence of large amount of pollutants.
Many issues in dust modelling are unresolved, but the accurate estimation of dust emission remains to be the key. Even with the best models currently available, the uncertainties in the modelling of dust events are very large. Observational data are often unavailable or insufcient for model validation. Under such circumstances, a good knowledge of the synoptic conditions associated with dust episodes is of particular importance, because it provides a general guidance to numerical studies.
Several studies published in the Chinese literature are devoted to identifying the patterns of dust events in China. For example, ZHOU (2001) carried out an analysis of dust episodes using the meteorological records of 681 weather stations over a period of 40 years ). ZHOU's study revealed two centers of dust events in China: the Tarim Basin together with the adjacent areas and the Alashan, Ordos and Hexi Corridor regions (Hexi is Chinese, meaning "to the west of Yellow River"). In some locations, the annually averaged number of blowing-sand days exceeded 80, e.g. 101 for Jinantai (Inner Mongolia); 88 for Yanchi (Ningxia); 93 for Pishan and 82 for Minfong (Xinjiang). The annual total number of dust-storm days exceeded 30, e.g., 36 for Minfong (Xingiang), 32 for Keping and 30 for Minqin (both in Gansu). ZHOU did not examine the data outside China. Several case studies are also reported in the Chinese literature (e.g., CHENG and MA, 1996; NIU et al., 2001) , but the understanding of the climatology of dust events in Northeast Asia remains incomplete.
In this paper, we use the surface meteorological records of March, April and May of 2000, 2001 and 2002 to analyze the synoptic features of Northeast Asian dust storms. A reason for selecting this time period is that both ACE-Asia (Asian Paci c Regional Aerosol Characterization Experiment) and ADEC (Asian Dust Experiment on Climate Change, see MIKAMI et al., 2002) took place during this time period, and the present analysis may provide useful background information for the interpretation of the experimental results from these two major international collaborative projects. We shall examine the distribution and frequency of dust events, identify dust sources and study the responsible synoptic conditions.
Spatial distribution of dust events
The sources of the Northeast Asian dust are the arid and semiarid areas in China and Mongolia. In China, arid and semiarid areas occupy 37.2% of the country (3.57 million km 2 ), consisting of 0.253, 1.427, 1.139 and 0.751 million km 2 hyper arid, arid, semiarid and dry sub-humid lands, respectively. Distributed from west to east are the Takla Makan, Gurbantunggut, Tsaidam Basin, Kumutage, Badain Juran, Tengger, Ulan Buh, Hobq, Mu Us Deserts and other smaller deserts. A large proportion of Mongolia is occupied by desert plains and southeastern Mongolia is part of the Gobi Desert. Over these vast areas, dust events are frequent and sometimes severe, especially in late spring to early summer.
Yet, there exist few observations that are dedicated to the quanti cation of dust events, although efforts are being made by the China Meteorological Administration for specialized measurements. Hence, conventional weather records from the meteorological network remain to be the best data available for analysing the climatology of dust events. According to the WMO (World Meteorological Organisation) protocol, dust events are classi ed into four categories according to horizontal visibility: (1) dust-in-suspension; (2) blowing dust; (3) slight to moderate sand-dust storm (dust storm hereafter) and (4) severe sand-dust storm (severe dust storm hereafter). In weather records, these categories are distinguished using different codes. A description of these classes is as follows:
-Dust-in-Suspension: widespread dust in suspension, not raised at or near the station at the time of observation; visibility is usually not greater than 10 km -Blowing Dust: raised dust or sand at the time of observation, reducing visibility to 1 to 10 km; no welldeveloped dust storms -Dust Storm: strong winds lift large quantities of soil particles, reducing visibility to between 200 and 1000 m -Severe Dust Storm: very strong winds lift large quantities of soil particles, reducing visibility to less than 200 m.
Synoptic data provide a good spatial and temporal coverage of dust activities. The data used in this study are the three hourly (02Z, 05Z, etc.) surface observations for March, April and May of 2000, 2001 and 2002 . The analysis focuses on the region de ned by (72 E, 5 N) and (148 E, 55 N) . In this region, a large number of stations are operational but not all stations report data in three hourly intervals. At given observation time (e.g. 02Z), the number of stations at which observations are made varies between 633 and 1463.
In practice, if a dust event is observed, it is subjectively classi ed by the observer according to the above guidelines and a weather code is assigned to describe the phenomenon. For example, the code for dust-insuspension is 06 and that for severe dust storm is 34, etc.
A disadvantage of the data is that the classi cation of dust events is somewhat subjective. Different observers may have different preferences in reporting certain dust categories. For instance, we have found that more dust storms are reported in North Korea in contrast with the neighboring stations in China and South Korea. While such inconsistencies are unavoidable, the uncertainties that result in the general conclusions of our study are con ned.
For a given station, the frequencies of dust-insuspension, blowing dust, dust storm and severe dust storm, respectively denoted as f DIS , f BD , f DS and f SDS , are estimated using the synoptic records as follows f DIS N DIS N obs (2.1) etc., where N DIS is the number of observed dust-insuspension events and N obs is the number of synoptic records. For a station that has no missing records, N obs is 2208 (276 days, 8 times per day). The frequency of all dust events, regardless of their categories, is then f DE f DIS f BD f DS f SDS Stations at which observations are made less than once per day are excluded from the calculations. Fig. 1 shows the distribution of f DE . It is seen that dust events were observed almost in the entire domain more or less frequently, although high frequencies are con ned only to some areas. Several features are observed:
-The Tarim Basin, where the Takla Makan Desert is situated, is a region where dust events occur most frequently (Region A). This nding is consistent with the conclusions of CHEN et al. (1999) based on eld measurements and of PROSPERO et al. (2002) based on the TOMS data. At some locations, f DE exceeded 50%. The highest frequency (52%, 1150 dust events out of 2208 observations) was recorded at Hetian (80 E, 37 N), located at the southern fringe of the Takla Makan; -Northeast China and Southeast Mongolia (Region B), where the Gobi Desert is situated, is another region of frequent dust events. The highest frequency (about 15%) was recorded near the China-Mongolia border; -A belt of high dust-event frequency in the Hexi Corridor (Region C) is clearly visible, stretching from northwest to southeast along the Qilian Mountains to the northeast of the Tibetan Plateau. This belt originates from the Badain Juran Desert to the north of Yumen (97 E,40 N) in Gansu Province. It elongates through the Tengger Desert, passing Xi'an (109 E, 34.25 N) of Shaanxi Province and ends in the vicinity of Xinyang (114 E, 32 N) of Henan Province. This phenomenon reveals a profound impact of topography on the preferential route of dust transport. It is interesting to note that this dust belt runs exactly along the western section of the Great Wall and passes through a region of historical importance in ancient Chinese civilization. Yumen Guan (gate) is the west starting point of the Great Wall, while Xi'an [ancient name Changan, capital of the Western Han Dynasty (206 BC-24 AC) and the Tang Dynasty (618-907)] was the centre of the Chinese civilization for almost a thousand years.
-Almost in parallel to this dusty belt, a second dusty belt exists to the northeast. The latter starts in Alashan Meteorol. Z., 12, 2003 Zuoqi (Inner Mongolia), passing through the Ulan Buh and the Mu Us Deserts and reaching Kaifeng (114.35 E, 34.77 , the capital of the North Song Dynasty, 960 -1127 ).
-The northern part of the Indian Subcontinent (Region D) has high dust-event frequencies. Dust appears to travel along the southern boundaries of the Tibetan Plateau. A surprisingly high dust-event frequency is observed at a station located at approximately (93 E,27 N) where wind erosion is highly unlikely.
-High frequencies of dust events are also observed in the southern part of the Korean Peninsula and southern Japan. It is unlikely that these areas are dust sources and the frequent dust events are due to the advection of dust from upstream. In comparison with the surrounding areas, the reported dust frequencies in South Korea appear to be signi cantly higher. It is not exactly clear why this should be case. The human factor cannot be ruled out, as observers from different countries may report a similar event somewhat differently. Fig. 2a , 2b, 2c and 2d collectively provide a different perspective of dust events in the domain of analysis. Fig. 2a shows that most severe dust storms are observed in Mongolia and Inner Mongolia. Severe dust storms are also observed in the Mu Us Desert and near Dunhuang, but at lesser frequencies. Severe dust storms are hardly observed within the Tarim Basin. Fig. 2b shows a similar picture, but it can be seen that a small percentage of dust events in the Tarim Basin are dust storms. The observations suggest that the Gobi Desert is clearly a dust source. As will be illustrated later, the prevailing synoptic system which affects this region in March, April and May is an intense low-pressure frontal system, referred to as the Mongolian Cyclone. This low-pressure system, associated with the East Asian trough aloft (at the eastern boundary of the Eurasian continent), is often very intense, leading to strong northwesterly near surface winds and causing dust storms or severe dust storms. Dust particles from this source are then transported by the northwesterly ow further down stream, affecting large areas in China, the Korean Peninsula and southern Japan. It is therefore not surprising that events of blowing dust are frequently reported in northeastern China and events of dust-in-suspension in Korea and Japan ( Fig. 2c and 2d) .
As pointed out earlier, the classi cation of dust events is somewhat subjective. Different observers may have different preferences in reporting certain dust categories. For instance, more frequent dust storms are reported in North Korea, which is inconsistent with the records of the nearby stations in China and South Korea. On the other hand, more dust-in-suspension episodes are reported in South Korea compared to the nearby stations in China, North Korea and Japan. Obviously, some uncertainties exist in how accurately these records represent the intensity of dust events.
In contrast, although dust storms and severe dust storms occur rarely in the Tarim Basin, less intense dust events in this region are the most frequent in Northeast Asia. A comparison of Fig. 2a, 2b , 2c and 2d shows that most of the dust events in the Tarim Basin are either blowing dust or dust-in-suspension. The primary reason for this is that within the Tarim Basin, there is a lack of extreme wind. Here, winds are generally much weaker than the northwesterlies blowing over the Gobi.
Likewise, dust events over the Indian Subcontinent are mostly blowing dust or dust-in-suspension, rather than dust storms and severe dust storms.
Dust concentration derived from visibility
Along with dust-event categories, visibility is also reported. Although it is known that visibility is affected by the presence of moisture and aerosols in the atmosphere, it is reasonable to assume that mineral dust is the determining factor during a dust event. Therefore, it is possible (albeit with uncertainties) to estimate dust concentration from visibility using empirical relationships. We apply the above relationships to estimate dust concentration for stations at which dust events are reported. Fig. 3 shows the mean dust concentration (averaged over all observation times) for the region of (30 E, 5 N) and (150 E, 60 N). The grid data are obtained from the station values through a spatial interpolation using inverse distance method of power 3 (using inverse distance method of power 2 and the Kriging method yields similar patterns, although slightly different values).
Again, the gure shows several regions of high dust concentration: the Tarim Basin region (Region A), the Gobi region (Region B), the Indian Subcontinent region (Region D). The dust belts seen in Fig. 1 (Region C) remains visible here, but the concentration appears to be lower than in the other three regions. Among these regions, the Tarim Basin has the highest dust concentration, exceeding 1 mg m 3 in the southern part of the basin. Based on Figs. 1 and 2, it is not dif cult to conclude that the main reason for the high dust concentration in the Tarim Basin is the high frequency of dust-insuspension events. In light of the analysis of GOUDIE and MIDDLETON (1992) and PROSPERO et al. (2002) , we can be certain that the Tarim Basin is indeed a region of high dust concentration. In contrast, for the Gobi region, the high dust concentration is mainly attributed to the relatively less frequent, but more intense dust storms. XUAN et al. (2000) argued that the Gobi region is a strong dust source and PROSPERO et al. (2002) supported this argument, although their TOMS data did not unequivally identify the Gobi region as one of strong dust emission. Our nding is consistent with those of XUAN et al. (2000) and PROSPERO et al. (2002) . It is also consistent with the modelling results of SHAO et al. (2003) .
Although the Indian Subcontinent is not the main concern of this study, it consistently appears as a region of high dust concentration. Previous studies have shown that dust activities start in March and April in northwest India, peaking in May and June. Like the Tarim Basin, the high dust concentration here is attributed to the frequent blowing dust and dust-in-suspension events. In this region also, our nding is in agreement with the TOMS data of PROSPERO et al. (2002) . In fact the dust concentration pattern over the Indian Subcontinent shown in Fig. 3 is very similar to their Fig. 5f .
As a by-product of this study, Fig. 3 also shows that southern Afghanistan and southwestern Kazakhstan (east of the Aral Sea) are regions with high dust concentrations. The entire Middle East also has quite high dust concentration on average.
Wind characteristics
The synoptic patterns responsible for dust activities differ in different regions. On the basis of Fig. 3 , we now examine the typical weather pattern for the NorthNortheast China and Mongolian region or the Gobi region, the West China region (or the Tarim Basin region) and the Indian Subcontinent region.
The synoptic systems which cause severe dust storms in the Gobi are well de ned. Here, almost without exception, the dust storms and severe dust storms are generated by the cold air outbreaks associated with It is found that all dust storms and severe dust storms listed in Tab. 1 occurred under the synoptic conditions of strong cold air ows associated with a Mongolian Cyclone 1 (see Fig. 4 for an example). The same conclusion can be reached by examining the year 2000 and 2001 data. The 6-7 April 2001 dust event can be used as an example. Almost continuous dust events occurred during the period between 6 and 14 April 2001, with those occurring on April 6-7 being the most severe and extensive. As Fig. 4 shows, on 6 April wide spread dust-insuspension and occasional dust storms occurred in the Tarim Basin, lasting over the entire period. At the same time, dust storms were developing in the cold regime of the cyclone (Mongolia, Inner Mongolia and the Gansu Province of China) where wind speeds reached up to 16 m s 1 . In the subsequent hours, dust storms moved eastward, in correspondence to the eastward motion of the cyclone and the regime of strong northwesterly wind. The areas affected by the dust storms included Inner Mongolia, Helongjiang, Jilin, Niaoning and Hebei of China. From 8 to 10 April, dust storms reemerged in Inner Mongolia, Qinghai and Gansu of China as well as in southern Mongolia.
An interesting observation is that the dust events in the Tarim Basin evolved more or less independently of the dust storms in the cold regime of the cyclone. As already shown in the previous sections, dust events in the Tarim Basin are predominantly dust-in-suspension, which are very frequent; dust events over the Gobi Desert are predominantly dust storms to severe dust storms, which are intense but less frequent.
The wind systems that generate dust events in different regions are further examined in Fig. 5 (see also Tab. 2 for details). Shown in this gure are the probability density functions (in percentage) of wind speed under the condition of dust activity for 15 selected stations. Five stations, Kuche, Aksu, Hetian, Tarim East (not the name of a location) and Ruoqiang are located in the Tarim Basin. For Kuche and Aksu, located at the northern fringes of the Tarim Basin, and for Hetian located at the southwestern fringes, winds are generally light during dust events, mostly below 4 m s 1 . Under such wind speeds, dust storms are unlikely to develop and hence it is plausible to suggest that most of dust events (typically dust-in-suspension) are due to dust transported from non-local sources. At Tarim East and Ruoqiang, located in eastern Tarim Basin, winds are also relatively weak during dust events, but can reach 8 to 10 m s 1 . At such wind speeds, dust storms are possible. At the ve stations located in the Gobi region, i.e., Chandmani, Huld, Erenhot, S10943 and Jiudengko, show very different wind characteristics. At these stations, winds are very strong during dust events. For instance, at Erenhot winds were mostly between 8 and 18 m s 1 .
For the three stations on the Subcontinent, Jodhpur, Oral and Gujranwal, winds are weak during dust events, indicating that dust observed in this region may be transported from upstream sources. The dust sources are probably the large arid areas of Pakistan and the western region of north India and the extensive desert regions such as the Thar Desert in Rajasthan.
ZHOU (2000) examined the monthly averaged number of days of blowing dust and dust storm for six locations in China. In some stations, such as Minqin (surrounded by the Badain Juran Desert and the Tengger Desert), dust activities occur in all seasons. In general, dust activities are less frequent in the second half of the year for all stations. There is an important difference between Hetian and those stations located outside the Tarim Basin in the seasonal variation of dust frequencies. At Hetian, the peak dust season is May and June while at the other stations, for instance Beijing, the peak dust season is April. This shift in peak dust season may be related to the different mechanisms of dust emission at the different locations.
Dust in Tarim Basin
We have seen that in the Tarim Basin dust events are frequent and dust concentration is high. However, dust events within the Basin seem to develop more or less independently from those in North-Northeast China and Mongolia, and they often occur in relatively weak wind conditions. Several questions remain unanswered from the above observations. For instance, why are dust events frequent in the Tarim Basin, even though winds are relatively weak? What is the main mechanism for dust emission?
Dust emission is determined by four major factors, including precipitation, vegetation cover, soil mobility and wind velocity (e.g. GILLETTE, 1999) . In Northeast Asia, most soils with high clay content are distributed in areas affected by the East Asian monsoon, and in limited areas in southwestern and northeastern China. Soils in the desert regions are predominantly sandy. Silty soils are mostly distributed in arid and semiarid regions in northwest China and the Gobi. The surface of the Gobi Desert is partially covered by roughness elements, such as rocks, while the Takla Makan Desert in the Tarim Basin is more exposed. Hence, we can hypothesize that the threshold wind velocity for wind erosion in the Takla Makan Desert is generally smaller than that for the other desert regions in North-Northeast China and Mongolia.
The Tarim Basin is very dry. The annual precipitation for its southern part can be even lower than 20 mm, e.g., Noqiang's precipitation is 17.4 mm according to the observations for the period between 1951 and 1980. The annual rainfall of Hetian is 33 mm. In the Tarim Basin, 77% of total rain falls between June and September and 23% in the other months. The extreme dryness also implies that the threshold wind velocity for wind erosion in the Takla Makan Desert is low. The low levels of precipitation in the Tarim Basin are accompanied by a lack of vegetation cover. Leaf-area index is a commonly used indicator for vegetation cover. This quantity can be derived empirically on the basis of NDVI. An examination of NDVI data for April 2001 and 2002 shows that large areas in Northeast Asia have very little vegetation cover, with the Takla Makan being the barest.
The Tarim Basin is almost completely surrounded by high mountains, i.e., the Tian Mountains to the North and the Kunlun Mountains to the South. The only narrow opening occurs to the east. This geographic setting ensures that relatively gentle winds prevail within the Tarim Basin. As previously seen, wind erosion in the North-Northeast China and Mongolia region is generated mainly by the intense northwesterly cold air ows, but often such air ows cannot penetrate the Tarim Basin due to the blockage of the Tian Mountains. However, the northwesterly may ow into the basin from the eastern opening, generating relatively strong northeasterly winds in the eastern and southeastern part of the basin. These northeasterlies are suf ciently strong to generate dust activities. Fig. 6 shows the frequencies of wind direction under the condition of dust activity for the 14 stations considered in Fig. 5 . The ve stations located in the Gobi region, i.e., Chandmani, Huld, Erenhot, S10943 and Jiudengko, as well as Seoul, winds are predominantly westerly and/or northwesterly. This result is consistent with the previous ndings that almost all dust events in the Gobi region are generated by strong northwesterlies. Winds in the Tarim Basin show a more complicated pattern. At Kuche, Aksu and Hetian, located at the northern and southwestern fringes of the Tarim Basin, winds are weak (Fig. 5) and may come from all directions. However, at Tarim East and Ruoqiang winds are predominantly northeasterly. This con rms that the ows from the eastern inlet, which mainly affect the eastern and southeastern regions, play an important role in generating dust activities in the Tarim Basin.
At Oral, dust events are again associated mainly with westerly and northwesterly, while at Gujranwal winds can come from various directions during dust events.
With regard to the dust events in the Tarim Basin, we make the following hypotheses:
-Weak dust emission in the basin is possible in light wind conditions because threshold wind velocity is small, probably around 4 to 5 ms 1 -Dust emission in the basin is likely caused by three mechanisms: (a) relatively strong northeasterly air ow from the eastern inlet, affecting the eastern and southeastern parts of the basin; (b) strong local winds in isolated areas and (c) convective systems, such as dust devils -The circulation in the basin creates favorable conditions for particles to remain suspended for a relatively long time and the export of dust from the basin may not be as large as commonly believed. This implies that although the Tarim Basin is a region of high dust concentration, it may not be a region of strong dust provision for the global atmosphere. It is likely that dust particles emitted from the Basin surface are deposited back into the basin. This is in contrast to the Gobi region where dust particles entrained into the atmosphere are advected downstream over large distances. Thus, although the mean dust concentration over the Gobi Desert is somewhat smaller, it may still be a stronger dust source than the Tarim Basin.
All these hypotheses require further detailed investigations, in particular, the third hypothesis requires studying the budgets of dust for both the Tarim and the Gobi regions.
Conclusions
In this study, we have examined the synoptic features of dust events in Northeast Asia in the late spring and early summer season (March, April and May) using the surface observations of the meteorological network. The following conclusions have been reached.
(1) There are four regions of frequent dust events in the domain of analysis. These are the Tarim Basin, the southern Mongolia and the Inner Mongolia Autonomous Region of China, the Hexi Corridor dust belt and the northern part of the Indian Subcontinent. In Northeast Asia, each region is identi able with speci c deserts, e.g., the Takla Makan Desert in the Tarim Basin, the Gobi Desert in southern Mongolia and northern China, the Badain Juran and Tengger Deserts in the Hexi Corridor. Also, upstream the Indian Subcontinent, several deserts exist.
(2) The Tarim Basin has the highest frequency of dust events, reaching 50%. Most dust events in the Tarim Basin are weak events classi ed as dust-in-suspension. Dust events are less frequently in the Gobi Desert, but they occur mostly as dust storms or severe dust storms.
(3) We have calculated dust concentration from horizontal visibility. It is shown that mean dust concentrations in the Tarim Basin and in the Gobi region are of similar orders of magnitude, with the highest value exceeding 1 mg m 3 .
(4) Dust events in different regions are generated by different synoptic systems. In North-Northeast China and Mongolia, almost all dust events are generated by the strong northwesterly air ows in the cold regimes of low-pressure systems. The evolution of dust activities are predictable. In the Tarim Basin, the probability of strong winds occurring is small and most of the dust events are associated with light winds (with velocity smaller than 4 m s 1 ). Relatively strong northeasterlies may affect the eastern and southeastern parts of the basin, generating dust storms.
(5) Surface topography has a signi cant impact on dust transport. We have identi ed a dust belt stretching about 2000 km from Yumen to Xinyang, following the terrains of the Qilian and the Chinling Mountains. Along the southern edges of the Tibetan Plateau, there exists another preferred route of dust transport.
(6) The mechanism of dust emission in the Tarim Basin requires further investigation. We have made three hypotheses in the previous section. According to M. Mikami (personal communication), dust devils, which are frequent in the Takla Makan Desert, may constitute an important mechanism for dust emission under calm but unstable conditions. This suggestion is consistent with the fact that the highest frequency of dust events occurs in June within the Tarim Basin, but in April for outside regions.
